Abstract: Transfer functions are now commonly used to reconstruct past environmental variability from palaeoecological data. However, such approaches need to be critically appraised. Testate amoeba-based transfer functions are an established method for the quantitative reconstruction of past water-table variations in peatlands, and have been applied to research questions in palaeoclimatology, peatland ecohydrology and archaeology. We analysed automatically-logged peatland water-table data from dipwells located in England, Wales and Finland and a suite of three year, one year and summer water-table statistics were calculated from each location. Surface moss samples were extracted from beside each dipwell and the testate amoebae community composition was determined. Two published transfer functions were applied to the testate-amoeba data for prediction of water-table depth (England and Europe). Our results show that estimated water-table depths based on the testate amoeba community reflect directional changes, but that they are poor representations of the real mean or median water-table magnitudes for the study sites. We suggest that although testate amoeba-based reconstructions can be used to identify past shifts in peat hydrology, they cannot currently be used to establish precise hydrological baselines such as those needed to inform management and restoration of peatlands. One approach to avoid confusion with contemporary water-table determinations is to use residuals or standardised values for peatland water-table reconstructions. We contend that our test of transfer functions against independent instrumental data sets may be more powerful than relying on statistical testing alone. 
Abstract 27
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(England and Europe). Our results show that estimated water-table depths based on the 38
testate amoeba community reflect directional changes, but that they are poor 39 representations of the real mean or median water-table magnitudes for the study sites. We 40 suggest that although testate amoeba-based reconstructions can be used to identify past 41 shifts in peat hydrology, they cannot currently be used to establish precise hydrological 42 baselines such as those needed to inform management and restoration of peatlands. One 43 approach to avoid confusion with contemporary water-table determinations is to use 44 residuals or standardised values for peatland water-table reconstructions. We contend that 45 our test of transfer functions against independent instrumental data sets may be more 46 powerful than relying on statistical testing alone. 47 48 49
Introduction 50
Quantitative reconstruction of past environmental variability from fossil data has become 51 increasingly common in palaeoecology since Imbrie and Kipp (1971) first produced a 52 reconstruction of past sea-surface temperature using fossil foraminiferal assemblages. 53 hydrological changes (primarily water-table depth) in peatlands across several regions of the 83 world (e.g. Amesbury et al., 2013; Booth, 2002; Charman et al., 2007; Lamarre et al., 2013; 84 Lamentowicz et al., 2008a; Swindles et al., 2009; Swindles et al., 2014; Turner et al., 2013; 85 Woodland et al., 1998) . These reconstructions have been used widely as proxy records of 86
Holocene climate change (e.g. Charman et al., 2009; Mauquoy et al., 2008; Swindles et al., 87 2013) . 88 89 However, one of the potential problems is that the water-table depths used in such studies 90 typically come from a 'one-off' water-table measurement from the TA sample extraction 91 point. The use of one-off water-table depth measurements in TA studies has been debated 92 previously (Bobrov et al., 1999; Booth, 2008) ; however, it has been suggested that such 93 measurements are adequate to drive a hydrological gradient for TA transfer-function 94 development (Booth, 2008; Charman et al., 2007; Woodland, 1996) . Several authors have 95 also suggested that one-off measurements are adequate as long as times of extreme 96 weather conditions (e.g. prolonged rain or drought) are avoided (Booth et al., 2008; 97 Charman et al., 2007; Swindles et al., 2009; Turner et al., 2013) . 98
99
One value of water-table depth is produced by the transfer function (i.e. n cm below the peat 100 surface), with sample-specific errors generated through a statistical resampling approach 101 (bootstrapping). However, we know that water tables fluctuate in peatlands and are dynamic 102 (Evans et al., 1999; Holden et al., 2011; Price, 1992) . Traditional TA transfer function-103 generated water-table data may not adequately capture a mean value from a site, and do 104 not account for water-table dynamics (e.g. seasonal or annual variability) which could 105 influence the TA community composition. Here we test the robustness of TA-based transfer 106 functions for water-table reconstruction in peatlands. Previously, model performance and 107 robustness have been tested using advanced statistical tools (cf. Telford, 2013; Telford and 108 Birks, 2011) . Here we take an alternative approach: we use real-world data fromindependent test sites with high-resolution monitored water-table data to determine the 110 predictive power of two published transfer functions. 111 112
Materials and methods 113
We tested two established TA transfer functions -1. The pan-European transfer function 114 from the ACCROTELM project based on eight raised bogs across Europe (Charman et al., 115 2007 ) and 2. A regional transfer function from Northern England based on three blanket 116 peatlands and three raised bogs (Turner et al., 2013) . These transfer functions have been 117 used for palaeohydrological reconstruction from fossil data and have provided very similar 118 results (Turner et al., 2013) . They were deemed to be appropriate models for our test data in 119 terms of commmunity composition and site characteristics. The models chosen were 120 constructed using weighted averaging-tolerance-downweighted regression with inverse 121 deshrinking as this was found to have very good performance in both cases. 122
123
Three independent test datasets were used -1. Blanket peatlands in the Pennine region of 124 Northern England; 2. -An oceanic raised bog in Wales and 3. High-latitude peatlands in 125 Finland (Table 1) . These sites were chosen as they have dipwells equipped with pressure 126 transducers providing high-resolution (logged at least once every two hours, but mainly 15-127 minute) peatland water-table data. These data were checked for quality control and a suite 128 of water-table statistics for each point was determined including means, medians, ranges 129 and temporally-constrained measures including water-table depth residence times 130 (Supplementary file 1) . These values were calculated as 3-year, 1-year, and summer values 131
(1 year and 3 years) prior to the TA sampling time for each dipwell. Only summer data are 132 available for the sites in Finland as they are frozen during the rest of the year 133
(Supplementary file 1). 134 135
Immediately adjacent (< 0.5 m) to each dipwell (but away from any areas of trampling or 136 disturbance), a surface sample of Sphagnum or other moss was extracted and the TAcommunity composition determined in the laboratory. We analysed the green fraction of the 138 moss (the living plant) and a 1-cm thick section of the brown section to ensure that a sample 139 representing only the very recent period was obtained. TA were extracted using a modified 140 version of Booth et al. (2010) . Moss samples were placed in boiling water for 15 minutes and 141
shaken. Extracts were passed through a 300 µm sieve, back-sieved at 15 m and allowed to 142 settle before sub-samples were used to make slides for microscopy. Many testate amoebae 143
are not classed as true species in a taxonomic sense; rather, identification is based on test 144 characteristics and groups of similar morphospecies (albeit with intraspecific variability) are 145 known as 'types'. 146 147 100 to 200 amoebae were counted and identified to species level or 'type' in each sample 148 using high-power transmitted light microscopy at 200 to 400x magnification. Identification 149 was aided with reference to several sources (Cash and Hopkinson, 1905; Cash and 150 Hopkinson, 1909; Cash et al., 1915; Charman et al., 2000; Corbet, 1973; Deflandre, 1936; 151 Grospietsch, 1958; Leidy, 1879; Meisterfeld, 2001a; Meisterfeld, 2001b; Ogden and Hedley, 152 1980; Penard, 1902) . The taxonomy used is a modified version of Charman et al. (2000) , 153
where some 'type' groupings were split to the species level (e.g. Difflugia globulosa was split 154 out of Cyclopyxis arcelloides type in the case of the England model). However, the 155 taxonomies were harmonised prior to water-table reconstruction. Transfer function-based 156 reconstructions were carried out on the test data and sample-specific errors were calculated 157 using 1000 bootstrap cycles (presented in Supplementary file 1). Statistical analyses were 158 carried out in R version 3.0.2 (R-Core-Team, 2014). As the data are non-normal (based on 159 results of Shapiro-Wilk tests), Spearman's rank correlation was used to determine significant 160 correlations between the monitored water-table statistics and the TA-reconstructed water 161
tables. 162 163
To assess the coverage of fossil taxa in the modern calibration set, the maximum 164 abundances of taxa in the modern and fossil dataset were calculated and compared todetermine any missing/poor-quality analogues or taxa with poorly-determined optima. Hill's 166 N2 was also calculated to determine rare taxa (defined as N2 ≤ 5). England model has very poor predictive power for the high-latitude samples as it severely 208 under-predicts water-table depth ( Fig. 3 and 4 ). This is due to the dominant taxa in the 209 profile Archerella flavum and Hyalosphenia papilio being present primarily in very wet 210 samples in the training set (cf. Turner et al., 2013) . The more accurate reconstructions for 211 the high-latitude peatlands by the European transfer function probably reflects the inclusion 212 of samples from Estonia and Finland (Charman et al., 2007) . These results illustrate the 213 potential of transfer functions based on regional training sets or, alternatively, show that the 214 inclusion of contemporary data from the same region as the fossil data is needed in the case 215 of supra-regional transfer functions. 216
217
The variation in predictive power between the two transfer functions may reflect missing taxa 218 or the quality of analogues in the training set (Fig. 5, 
Discussion and conclusions 228
There have been several recent studies which have identified problems with transfer function 229 approaches in palaeoecology (Belyea, 2007; Juggins, 2013; Payne et al., 2012; Telford and 230 Birks, 2009, 2011; Velle et al., 2012 (2008) is the one study where 284 the PVC tape-discolouration method has been used with great success to develop a mean 285 annual water-table transfer function for Sphagnum peatlands in the USA. However, the 286 precise relationship of the PVC tape-discolouration and water table is still not completely 287 understood (Belyea, 1999; Booth et al., 2005; Schnitchen et al., 2006) . It is clear that the 288 best way to achieve high-resolution water-table data is the use of dipwells equipped with 289 logging pressure transducers. However, transfer functions commonly include >100 sample 290 points, thus rendering this approach prohibitively expensive to most researchers. 291
292
The 'decoupling' of testate amoebae from very deep water tables partly explain the relatively 293 poor performance of transfer functions at the drier end reported in a number of studies (e.g. 294 et al., 2009; Van Bellen et al., 2014) . Testate amoebae are probably not 295 responding directly to water-table depth, but instead are responding to variables correlated 296 with it (Jassey et al., 2011; Sullivan and Booth, 2011) . Such deep water tables as found at 297 four monitoring points during our study suggest a potentially degraded peatland system at 298 these locations. Indeed the water table never came within 10 cm of the surface at any point 299 in time for these four points although regular saturation and the development of saturation-300 excess and near-surface flow during rainfall events is a typical characteristic of fully 301 functioning blanket peat (Acreman and Holden, 2013; Holden and Burt, 2003b) . Thus the 302 surface moisture content of the peat at these four points may not have been strongly related 303 to the water-table depth and may instead have been more controlled by individual rainfall 304 episodes. Holden et al. (2011) showed that intact blanket peat water tables are stronglycontrolled by evapotranspiration, with water tables remaining close to the surface for most of 306 the winter and only dropping a few cm in summer during warm, dry conditions. They also 307
Swindles
showed that for degraded blanket peat, water tables are more strongly controlled by free 308 drainage of water through the peat, having almost equal levels of variance in both winter and 309
summer. 310 311
Unfortunately, there is no simple way to statistically correct transfer function models to mean 312 annual water-table depth or similar measure, due to the variation in accuracy across the 313 hydrological gradient and complexities of community composition (Figs 3 and 4 (Fig. 6 ) (e.g. Swindles et al., 2013) . 319
This enables researchers to present a useful index of change along a relative water-table 320 gradient rather than present inaccurate absolute values. 321
322
There have been a number of recent studies examining the potential of testate amoebae as 323 management and restoration indicators in peatlands (Butler et al., 1996; Jauhiainen, 2002; 324 Davis and Wilkinson, 2004; Laggoun-Defarge et al., 2008; Turner and Swindles, 2012; 325 Valentine et al., 2013) . To the best of our knowledge, testate amoebae reconstructions have 326 not yet been used in a management/restoration based study. While testate amoebae may 327 provide important ecological information about the state of peatlands, our results suggest 328 that testate amoebae-based reconstructions cannot currently be used to establish site 329 hydrological baselines needed to inform management and restoration policies. To achieve 330 such baselines, a new series of TA transfer functions based on high-quality hydrological data 331 are needed. 332
Clearly, TA-based transfer functions still offer valuable insights into past environmental 334 changes by helping us identify shifts in environmental conditions as demonstrated by 335 numerous research outputs from several regions on Earth (e.g. Kokfelt et al., 2009; 336 Lamentowicz et al., 2008b; Sillasoo et al., 2007; Swindles et al., 2014; Turner et al., 2014) . 337
However, we assert that the interpretation of water-table reconstructions should move away 338 from reporting actual values in most cases and instead focus on directional shifts. Our work 339 highlights that testing transfer functions against independent instrumental data sets is 340 potentially more powerful than relying on statistical techniques alone. 341 342
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